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In universal-code eukaryotes, a single-translation termination fac-
tor, eukaryote class-1 polypeptide release factor (eRF1), decodes
the three stop codons: UAA, UAG, and UGA. In some ciliates, like
Stylonychia and Paramecium, eRF1s exhibit UGA-only decoding
specificity, whereas UAG and UAA are reassigned as sense codons.
Because variant-code ciliates may have evolved from universal-
code ancestor(s), structural features should exist in ciliate eRF1s
that restrict their stop codon recognition. In omnipotent eRF1s,
stop codon recognition is associated with the N-terminal domain of
the protein. Using both in vitro and in vivo assays, we show here
that chimeric molecules composed of the N-terminal domain of
Stylonychia eRF1 fused to the core domain (MC domain) of human
eRF1 retained specificity toward UGA; this unambiguously associ-
ates eRF1 stop codon specificity to the nature of its N-terminal
domain. Functional analysis of eRF1 chimeras constructed by swap-
ping ciliate N-terminal domain sequences with the matching ones
from the human protein highlighted the crucial role of the tripep-
tide QFM in restricting Stylonychia eRF1 specificity toward UGA.
Using the site-directed mutagenesis, we show that Paramecium
eRF1 specificity toward UGA resides within the NIKS (amino acids
61-64) and YxCxxxF (amino acids 124-131) motifs. Thus, we
establish that eRF1 from two different ciliates relies on different
molecular mechanisms to achieve specificity toward the UGA stop
codon. This finding suggests that eRF1 restriction of specificity to
only UGA might have been an early event occurring in independent
instances in ciliate evolutionary history, possibly facilitating the
reassignment of UAG and UAA to sense codons.

ciliated protozoa | dual gene reporter system | eukaryote class-1
polypeptide release factors | interdomain and intradomain protein
chimeras | stop codon decoding

n the universal genetic code, three stop codons (UAA, UAG, and

UGA) located at the termini of mRNA sequences are decoded
at the termination step of translation by class-1 polypeptide release
factors (RF) (reviewed in refs. 1-3). However, in organisms with
variations in the genetic code, like ciliates, class-1 factors are able
to decode only one or two stop codons with the remaining stop
codon(s) reassigned to encode certain amino acids (for review, see
refs. 4 and 5). The molecular mechanisms that restrict stop codon
recognition are entirely unknown and represent major unresolved
problems in molecular biology and genetics. In eukaryotes with the
standard code, a single class-1 RF, designated eukaryote class-1
polypeptide release factor (eRF1), decodes all three stop codons.
Stop codon decoding results in signal transduction from the small
to the large ribosomal subunit leading to cleavage of peptidyl-tRNA
at the peptidyl transferase center of the ribosome.

The eRF1 protein family is highly conserved and similar to
archaeal class-1 RFs but differs profoundly from bacterial class-1
RFs (6-8). The only known structural element common to all
class-1 RFs is a universal GGQ tripeptide essential for triggering
peptidyl-tRNA hydrolysis at the peptidyl transferase center (8-15).
Because of the absence of a common ancestor and the significant
differences in domain organization and three-dimensional struc-
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ture (8, 16, 17), it seems likely that the mechanisms used to decode
stop codons in the ribosome by bacteria are different from those
found in archaea and eukaryotes. In eukaryotes, the N-terminal
domain of eRF1 is implicated in decoding, as shown by genetic (18),
biochemical (19-23), and bioinformatic (24-26) data. More spe-
cifically, in human eRF1 (Hs-eRF1), the invariant dipeptide IK
(positions 62-63) is likely to be involved in the recognition of the
first nucleotide in the stop codon (21), whereas the YxCxxxF motif
(positions 125-131) is implicated in purine discrimination at the
second and third stop codon positions (20, 23).

It was shown that mammalian ribosomes are able to accommo-
date eRF1 from some variant-code organisms like the ciliate
Euplotes. In this heterologous system, Euplotes eRF1 (Eu-eRF1)
retains in vitro UAR-only stop codon specificity (27). Furthermore,
a chimeric eRF1 composed of the N-terminal domain of Tetrahy-
mena and the MC domain of yeast Schizosaccharomyces pombe
exhibits the UGA-only specificity in vitro with the mammalian
ribosomes (28). From these experiments, one can infer that the
stop-codon decoding specificity, at least in some ciliates, is associ-
ated with the N-terminal domain of eRF1, as in the omnipotent
eRF1s from universal-code organisms.

Because the evolutionary distance between mammals (the source
of the ribosomes for our in vitro assay of RF activity) and ciliates
(the source of eRF1s) is large, the ribosome-binding sites of ciliate
eRF1s may not interact properly with the mammalian ribosomes.
Although Eu-eRF1 is active with rabbit ribosomes (27), Tetrahy-
mena eRF1isnot (29). To overcome this problem, we compared the
decoding properties of various eRF1s by constructing interdomain
chimeras in which the N and MC domains were derived from ciliate
and human eRFls, respectively. Mammalian ribosomes bind the
MC domain of Hs-eRF1 in the absence of the N-terminal domain
(30). A similar approach was described earlier for molecular
chimeras of Tetrahymena and S. pombe eRF1 domains (28).

In this work, the MC domain of Hs-eRF1 was fused with the
N-terminal domain of Stylonychia eRF1 (St-eRF1), which exhibits
UGA-only specificity (5). The Stylonychia—human interdomain
chimera appeared to be active in an in vitro RF assay. It was
therefore possible to develop a strategy for the identification of
stop-codon specificity discriminators via preparation and functional
analysis of intra-N-terminal domain chimeras with swapped frag-
ments from the N-terminal domains of the UGA-only St-eRF1 and
of the omnipotent Hs-eRF1. Then, RF activity of intra-N-terminal
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domain chimeras was assayed in vitro to determine the type of stop
codon specificity for the given constructs.

An in vitro RF activity assay (31) is suitable for comparison of
different stop codon responses of various eRF1s (6, 9, 21, 23).
However, this assay lacks natural mRNA, class-2 release factor,
eRF3, GTP, and natural peptidyl-tRNA. We complemented the in
vitro assay with an in vivo measurement of stop codon readthrough
by using a dual gene reporter system (32, 33). Although both assays
are essentially distinct, they provided similar results. Together these
assays validate the alteration of stop codon specificity in the
chimeric eRF1s.

The goal of this work was to identify amino acid residues that
confer UGA-only specificity to St-eRF1 by using a molecular
chimera approach followed by in vitro functional analysis and in vivo
readthrough level measurement. In addition, some amino acid
residues of the N-terminal domain specific for the UGA-only
Paramecium eRF1 (Pa-eRF1) were introduced into respective
positions of Hs-eRF1 to confer the UGA-only specificity. In ciliate
eRF1s with the same UGA-only specificity, we identified the amino
acid residues that limit stop codon recognition of these eRFl1s
to UGA.

Results

Interdomain eRF1 Chimeras Possess Stop Codon Specificity Defined by
Their N-Terminal Domains. In organisms with the universal ge-
netic code, stop-codon specificity is associated solely with the
N-terminal domains of eRFls. It is less clear whether the
N-terminal domain also is associated with stop codon speci-
ficity in organisms with variant codes. For example, for
Eu-eRF1, cross-linking (22) and genetic (34) data are consis-
tent with a dominant role for the N-terminal domain in stop
codon discrimination. In contrast, for Tetrahymena eRF1, the
data are controversial. Chimeric constructs composed of the
N-terminal domain of Tetrahymena eRF1 fused with the MC
domain of yeast eRF1 is omnipotent in vivo (34), but this
chimera only recognizes UGA in vitro (28). Several hypothet-
ical explanations were suggested to account for this apparent
discrepancy (34).

We used two assays to evaluate the functional activity of eRF1s.
The first assay (31) explores a simplified system in which the role
of peptidyl-tRNA is mimicked by fMet-tRNA; two oligoribonu-
cleotides are used instead of natural mRNA. The two oligoribo-
nucleotides include an AUG that binds to fMet-tRNA at the
ribosomal P site and one of the three stop-codon-containing
tetranucleotides, UAAA, UAGA, or UGAA, that bind to the A
site. In the second assay, in vivo stop codon readthrough in intact
cells is quantified as an inverse measurement of RF activity (32, 33).

To examine the role of the N-terminal domain of eRF1s from
variant-code organisms, we prepared interdomain chimera between
the N-terminal domain of the UGA-only St-eRF1 and the MC
domain of omnipotent Hs-eRF1 (Fig. 1, St-1). RF activity and
readthrough measurements showed that, in St-eRF1, stop codon
discrimination is tightly associated with the N-terminal domain, as
in eRF1s from universal-code organisms. The MC domain of
omnipotent Hs-eRF1 has no effect on the decoding specificity of
the chimeric St-eRF1 (Fig. 1).

RF Activity of Stylonychia and Human eRF1 Intra-N-Terminal Domain
Chimeras. In interdomain constructs, stop codon specificity is gov-
erned by their N-terminal domains, which opened a way for creating
intra-N-domain chimeras composed of sequences derived both
from UGA-only ciliate St-eRF1 and from omnipotent Hs-eRF1.
In construct St-2, the N-terminal part (positions 1-82) was
derived from Hs-eRF1, whereas in positions 83-145 a sequence
from the St-eRF1 N-terminal domain was placed (Fig. 1). This
chimera possessed mostly the UGA-only specificity, demonstrating
that the determinant(s) for the UGA-only recognition resides in the
C-terminal moiety of the N-terminal domain. Construct St-3 is

Lekomtsev et al.

. . RF activity, % %o
- Human - Stylowychia

01-H M Sy 20 40 60 80 100120
1 st 145 2
e =i

. UGA

1 st2 83 14
[ o |
1 St-3
q; S 124 145
[ o)
s 125 145
[ o
q 5t6 122 145
[ o |
q 57 122 126 145
[
4 5t8 122 126 145
| 1
q 59 122124 132 145
[ ==
q St10 127 133145
L TSL B

20 40 60 80 100120

Fig. 1. In vitro RF activity of chimeric eRF1 constructs containing the whole
N-terminal domain of St-eRF1 (St-1) and swaps between human and Stylonychia
sequences within the N-terminal domains (St-2 to St-10). All eRF1 constructs
contained the MCdomain of Hs-eRF1 (positions 145-437). The junctions between
the N and MC domains corresponding to amino acids 144 and 145 of Hs-eRF1 are
located in a hinge region between the N and M domains. The numeration of
amino acid positions in all constructs is as in the WT-Hs-eRF1. TSL sequence
(positions 122-124) from Hs-eRF1 and QFM sequence at the same positions from
St-eRF1 are indicated. The numbers on the border of swapped sequences corre-
spond to the first amino acid residue of the right-hand sequence.

reciprocal to St-2 because it begins with an St-eRF1 sequence
(positions 1-82) followed by the human sequence (positions 83—
145). St-3 responded to all three stop codons, with only a 2-fold
reduction in RF activity. Thus, in St-eRF1, stop-codon specificity
determinants are located between positions 83 and 145. Construct
St-4, Hs-eRF1 (positions 124-145), and St-eRF1 (positions 1-123)
chimera remained predominantly specific for UGA decoding,
although the response was reduced compared with St-1. In con-
struct St-5, the border between the human and Stylonychia se-
quences was shifted downstream by one amino acid residue com-
pared with St-4. As a result, the UGA response increased from 60%
to 90%. Construct St-6, which contained human (positions 1-121)
and Stylonychia (positions 122-145) sequences, was clearly specific
for UGA.

Functional analysis of the St-4, St-5, and St-6 chimeras pointed
to an essential role of positions 122-124 in stop codon discrimina-
tion. In fact, the UGA-only specificity was predominantly associ-
ated with amino acids Q122 and F123 but was also partly affected
by position 124 because an L124M substitution increased the UGA
response (Fig. 1).

As is evident from an alignment of the amino acid sequences,
some positions in the 122-131 fragment are variable, whereas
others are highly conserved (Fig. 2). Based on genetic (18) and
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bioinformatic analyses (26), position 126, which is differentially
conserved in omnipotent (L126), UAR-specific (1126), and UGA-
specific (F126) eRF1s, has been suggested as potentially important
for stop codon discrimination. However, in Hs-eRF1, substitutions
of L126 had no effect on RF activity in vitro (23). In constructs St-7
(F126L as in Hs-eRF1) and St-8 (F126I as in Eu-eRF1), these
substitutions were introduced into the Stylonychia context (posi-
tions 122-145). In both constructs, the UGA-only response was
completely retained (Fig. 1). Thus, presumably, the amino acid
identity at position 126 is insignificant for St-eRF1 decoding
specificity in the Stylonychia context and for Hs-eRF1 specificity in
the human context.

In Vivo Analysis of the Intra-N-Terminal Domain Chimeras Between
Stylonychia and Human eRF1s. A dual gene reporter system (32, 33)
was applied to quantify the effect of chimeric eRF1 on stop codon
readthrough in cultured human cells (Fig. 3). The C293 cells were
cotransfected with one of the test vectors (St-1, St-6, and St-11-
St-15) and one of the reporter vectors. The latter contained one of
the three stop codons between the lacZ and luc genes. The
readthrough level at each stop codon was measured. In control
experiments, to measure the effect of expression of exogenous WT
Hs-eRF1 on readthrough level, cells were transfected with reporter
vector and pcDNA3 or pcDNA3 bearing the WT-Hs-eRF1 gene
(pcDNA3-Hs-eRF1). The readthrough level, which differed insig-
nificantly, was low for pcDNA3 (0.3%, 1.7%, and 0.7% at UAA,
UAG, and UGA, respectively) and pcDNA3-Hs-eRF1 (0.3%,
2.0%, and 0.8% at UAA, UAG, and UGA, respectively). The
readthrough levels for cells transfected with the WT-Hs-eRF1 gene
and for cells transfected with chimeric genes were compared. To
determine a value for maximum (100%) readthrough, assays were
done with the reporter vector that contained a sense codon in place
of the stop codon. For all experiments, we used a calcium phosphate
DNA coprecipitation protocol to favor cotransfection events in
which a single cell received both the reporter and test vector DNAs.

We found (Fig. 4B) that the chimeric construct with the entire
Stylonychia N-terminal domain (St-1) exhibited at the UGA stop
codon nearly the same (1.4-fold difference) level of readthrough
(1.1%) as did the control construct with the entire human sequence
(0.8%). In contrast, the levels of readthrough observed at UAA
(6.0%) and UAG (11.3%) stop codons were considerably higher
than that of the readthrough in the presence of the WT-Hs-eRF1.
These values were 18.9-fold (UAA) and 5.5-fold (UAG) higher
than the level of readthrough allowed by the WT-Hs-eRF1. These

UAA
GGA ACA CAA UAG CAATTA CAG
uGa

povees I | ruciferase |

e
e

Luciferase activity _ :
Pgalactivity Readthrough

Fig. 3. The scheme for the dual gene reporter system used to monitor
translation readthrough in vivo.
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Fig.2. Amino acid sequences from the N-terminal
domains of omnipotent (human), unipotent (Styl-
onychia and Paramecium), and bipotent (Euplotes)
; = v eRF1s. Residue numbering is as in the WT-Hs-eRF1.
: Identical, conserved, and semiconserved amino acid
residues are black, dark gray, and light gray, respec-
tively.

data were in full agreement with in vitro experiments (Fig. 44) and
with the fact that St-eRF1 only recognizes UGA as a stop codon (5).

Construct St-6, containing human (positions 1-121) and Styl-
onychia (positions 122-145) sequences, was clearly specific for
UGA in vitro (Figs. 1 and 44). When St-6 was expressed in human
cells (Fig. 4B), we observed higher levels of readthrough at UAA
(6.1%, 19.1-fold increase) and UAG (11.0%, 5.4-fold increase) in
contrast to UGA (1.1%, 1.4-fold increase). These results suggest
that the positions 122-145 of St-eRF1 are capable of discriminating
UAA and UAG stop codons both in vitro and in vivo.

Invitro, the UGA-only specificity was observed for St-11, whereas
omnipotent specificity was shown for St-12 (Fig. 44). We found that
St-11 exhibited a high level of readthrough at UAA (5.3%, 16.7-fold
increase) and UAG (13.9%, 6.8-fold increase) and a low level at
UGA (1.3%, 1.7-fold increase). However, readthrough was signif-
icantly lower at UAA (1.2%, 3.8-fold increase) and UAG (6.4%,
3.1-fold increase) in cells expressing St-12. The readthrough level
for St-12 at UGA (2.4%) increased 3.1-fold (Fig. 4B). These results
indicate that residues in positions 132-145 are not involved in stop
codon discrimination both in vitro and in vivo.

The QFMYF, QFM, and QF sequences (positions 122-126)
from St-eRF1 were inserted into the human context (St-13, St-14,
and St-15, respectively). The St-13 chimera appeared to be of the
UGA-only type in vitro. At the same time, St-13 exhibited a high
level of in vivo readthrough at UAA (3.6%, 11.2-fold increase) and
UAG (11.9%, 5.8-fold increase) but a low level at UGA (1.1%,
1.4-fold increase) as compared with the basal level of readthrough
allowed by the WT-Hs-eRF1. In contrast, St-14 was somewhat
omnipotent in vitro. Readthrough enhancement was lower at UAA
(1.2%, 3.9-fold increase) and at UAG (7.8%), 3.8-fold increase) than
for St-13. The readthrough value for St-14 at UGA (1.7%, 2.2-fold
increase) was not significantly different from the same value for
St-13. The St-15 was omnipotent in vitro and showed 2.0%
readthrough at UAA, 9.0% at UAG, and 2.5% at UGA, with 6.2-,
4.4-, and 3.1-fold increases of readthrough level, respectively. Thus,
neither QF nor QFM sequence is sufficient to bring the stringent
UGA-only specificity to the human context, and the presence of
F126 is required for the UGA-only specificity.

The combination of the QF dipeptide with the human amino acid
sequence (positions 124-131) led to the appearance of responses to
UAA and UAG in vitro, although they were weaker than the UGA
response (construct St-9). Omnipotent specificity was shown for
St-10, where the QFM tripeptide was absent (Fig. 1).

Taken together, these results (Fig. 4) imply that positions 122—
126 of the Stylonychia N-terminal domain are crucially important
for the UGA-only specificity both in vitro and in vivo.

Stop Codon Restriction in Paramecium eRF1. As is evident from the
alignment (Fig. 2) of the UGA-only St-eRF1 and Pa-eRF1, the
variable amino acid residues in positions 122-131 are different. In
Pa-eRF1, the LSL tripeptide (positions 122-124), which resembles
the human TSL rather than the Stylonychia QFM tripeptide, is
present. At the same time, the GGK tripeptide of St-eRF1 (posi-
tions 128-130) is replaced with the DPQ tripeptide in Pa-eRF1I,
whereas in Hs-eRF1 the DNK tripeptide occurs at the same place
(Fig. 2).

We introduced the Paramecium sequence (positions 122-131)

Lekomtsev et al.
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into Hs-eRF1 (Fig. 5, Pa-1) and observed omnipotent stop codon
recognition. The omnipotent stop codon response also was dem-
onstrated for the N61S+S64D double Hs-eRF1 mutant, but a
diminution of RF activity toward all three stop codons was observed
(Fig. 5, Pa-3). This mutant has substitutions corresponding to the
Pa-eRF1 sequence in this region (20). When introduced separately,
these substitutions are thus insufficient to bring the UGA-only
specificity to Hs-eRF1. This result is in sharp contrast to the case
of Stylonychia, in which the pentapeptide 122-126 provided the
UGA-only specificity to the human context. The N61S and S64D
mutations in the NIKS motif, which correspond to the Pa-eRF1
amino acid sequence in this region, endowed Pa-1 with UGA-only
specificity (Fig. 5, Pa-2). The same UGA-only specificity, but with
a decreased UGA response compared with Pa-2, was shown for the
quadruple mutant N61S+S64D+N129P+K130Q of Hs-eRF1
(20). All these results suggest that the Pa-eRF1 discriminator sites
are predominantly located inside the NIKS (positions 61 and 64)
and YxCxxxF (positions 129 and 130) motifs.

Discussion

Functional Assays for Measuring Decoding Specificity of eRF1s. To
evaluate the stop-codon-dependent translation termination activity

RF activity, %
40 60 80

, Pa-1 -l
i
1l'-‘a-:a o s
| Erml
Pa-3
61 65
| {Encot
20 40 80 B0 100 120
Fig. 5. RF activity of the human eRF1 mutants with substitutions in the N-

terminal domain corresponding to the amino acid sequence of Pa-eRF1. Con-
structs Pa-1 and Pa-2 contained the MC domain of Hs-eRF1 (positions 145-437).
Pa-3 is a full-length Hs-eRF1 with substitutions only in the NIKS sequence (data
from 20). For details, see Methods.
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15 20 contained the MC domain of Hs-eRF1 (positions 145-437).

of RF1s, the first assay (31) explores a system in which peptidyl-
tRNA is substituted by fMet-tRNA, AUG binds to fMet-tRNA at
the P site, and tetraplets UAAA, UAGA, or UGAA bind to eRF1
at the A site. In the second assay, readthrough of stop codons in
intact cells is measured (32, 33). Eukaryotic protein-synthesizing
machinery fully reconstituted in vitro (35) can also be used to
measure eRF1 stop codon specificity and RF activity.

For the aims of these studies, we selected the first two systems
because of their simplicity. Both in vitro and in vivo systems are
particularly suitable for the comparison of different mutant and
chimeric eRF1 responses toward different stop codons. The ab-
sence of natural mRNA, eRF3, and GTP/GDP in the first assay may
influence the response ratio of eRF1 to different stop codons. To
exclude this possibility, we have applied a dual gene reporter system
to the evaluation of eRF1 decoding specificity in mammalian cells
(32, 33) that measures readthrough efficiency in the presence of
transfected exogenous chimeric or mutant eRF1 and endogenous
Hs-eRF1 for the different stop codons. It is known that eRF1 binds
strongly to the ribosome because of its interaction with a stop codon
at the A site (36). Therefore, if the efficiency of chimeric or mutant
eRF1 binding to a given stop codon is strongly reduced, the ability
of that eRF1 to compete with tRNA(s) and/or endogenous eRF1
for that stop codon is significantly diminished. Such a weakly
binding eRF1 facilitates the binding of near-cognate and/or sup-
pressor tRNA(s) to the A site, resulting in an increase of
readthrough level at that stop codon. In controls, where the
reporter vector was cotransfected with a vector that allowed ex-
pression of the entire human eRF]1, the readthrough level of all
three stop codons was very low as anticipated (Fig. 4B).

The readthrough data fully confirmed the in vitro results. Con-
structs lacking the ability to respond to UAA and UAG in vitro
(St-1, St-6, St-11, and St-13) are unable to compete with tRNA and
a high readthrough level is the result (Fig. 4B). In contrast, for
constructs St-12, St-14, and St-15, which retain their omnipotent
response in vitro (Fig. 44), the readthrough level is low because
binding to the stop codons in the ribosome is retained (Fig. 4B).

Because the in vivo experiments have been performed in the
presence of endogenous Hs-eRF1, eRF3, GTP/GDP, and tRNAs,
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these results demonstrate that the chimeric and mutant eRF1s are
“dominant” over the endogenous Hs-eRF1. This is likely due to the
overexpression of the chimeric and mutant eRF1s as directed by the
strong cytomegalovirus promoter that would titrate eRF3 and
prevent it from interacting with endogeneous WT-Hs-eRF1. It is
worth mentioning that expression of exogenous Hs-eRF1 (Fig. 4B)
negligibly affects the basal readthrough level. This may imply that
basal readthrough efficiency primarily depends on the mRNA
context and/or concentrations of suppressor and near-cognate
tRNAs rather than on excessive amounts of eRF1.

Thus, the absence of eRF3/GTP/GTP in an in vitro assay and the
presence of endogenous eRF1 in an in vivo assay do not interfere
with specificity of stop codon recognition by chimeric eRF1s.

Discriminator Sites in the UGA-Only Stylonychia and Paramecium
eRF1s Are Profoundly Different and Located in the N-Terminal Do-
mains. We have shown that stop codon discrimination is governed
by the N-terminal domain of the unipotent St-eRF1 even when
fused with the MC domain of the omnipotent Hs-eRF1. Construct
St-1 (Fig. 1) is completely active with UGA and possesses very low
(if any) activity in response to UAA and UAG codons as based on
the variant genetic code of this ciliate. Furthermore, genetic in vivo
and in vitro data support the view that stop codon discrimination is
entirely associated with the N-terminal domain of Eu-eRF1 (22,
34). Both previous (20) and our present data (Fig. 5) make it likely
that in Pa-eRF1 stop codon discrimination is also governed by the
N-terminal domain. Consequently, in both UGA-only eRF1s and
universal-code human and yeast eRFls, stop-codon specificity
ultimately depends on the N-terminal domain structure. However,
it remains unclear whether the “N-terminal domain rule” is appli-
cable to all variant-code ciliates because at present the data
regarding stop-codon discrimination for Tetrahymena eRF1 are
apparently controversial (28, 34) and require further studies.

Stylonychia and Paramecium species have the same UGA-only
type of stop codon recognition (for review, see ref. 5). By comparing
the decoding specificities of the N-terminal domains of eRF1s, it is
possible to find out whether similar or distinct strategies are used
by these ciliates to restrict recognition of two stop codons by eRF1s.

The UAA and UAG responses are eliminated in Hs-eRF1 by
introducing the St-eRF1 pentapeptide QFMYF (positions 122—
126) (Fig. 4). This Stylonychia sequence in the context of human
N-terminal domain converts the omnipotent eRF1 into a unipotent
one (St-13). If F126 is replaced by L126 from the human sequence,
weak recognition for each stop codon reappears (St-14). On the
other hand, human L126 in the Stylonychia context is unable to
abolish the UGA-only response (St-7) (Fig. 1). The dominant role
of the QF dipeptide in QFMYF is evident from the functional
analysis of constructs St-4, St-5, and St-6, where QF keeps more or
less the UGA-only response depending on the context. Conse-
quently, we have identified the discriminator site, the QFMYF
pentapeptide in which the major role is associated with QF, whereas
M124 and F126 strongly affect the QF discrimination ability
depending on the sequence context.

Given that the YxCxxxF motif (positions 125-131) is essential for
purine discrimination in stop codons (20, 23), we assume that the
decapeptide (positions 122-131) is the major stop codon recogni-
tion and discriminator site in Hs-eRF1 and St-eRF1.

In some constructs (for instance, St-2, St-4, St-5, and St-6), a low
RF activity with UAA and UAG codons is observed, although
these constructs are predominantly of the UGA-only type. We
suggest that the presence of human sequences in St-eRF1 might
relax the UGA-only specificity in the chimeric constructs.

Pa-eRF1 is also of the UGA-only type, but the 122-131 peptide
from Pa-eRF1 inserted into the human context is unable alone to
induce a UGA-only response, although the UAA and UAG
responses are diminished (Fig. 5). When in Pa-1 the human NIKS
sequence is replaced by Pa-eRF1 SIKD sequence (Pa-2), a com-
plete conversion to the UGA-only type is observed. Earlier, the

10828 | www.pnas.org/cgi/doi/10.1073/pnas.0703887104

same result was achieved with Hs-eRF1 when positions 61, 64,
129, and 130 were replaced with residues from the Pa-eRF1
sequence (20).

In Pa-eRF1, the discriminators are tightly associated with the
NIKS and YxCxxxF motifs essential for stop codon recognition,
whereas in St-eRF1 only the extended part of the YxCxxxF motif
(positions 122-126) is a discriminator. Molecular modeling showed
that eRF1 can undergo a significant conformational change in the
ribosome (37, 38), as suggested earlier (36). Because of this change,
the NIKS and YxCxxxF motifs become proximal to the stop codon
at the A site (38), which implies that, for these eRF1s, a probable
mechanism for stop codon restriction is associated with an inter-
action in space between discriminator and recognition sites, leading
to local conformational changes of the latter. This conformational
change in the recognition site, in turn, results in a distortion of the
recognition site binding to UAA and UAG, leaving the UGA
binding intact. To prove this hypothesis, a cocrystal with the
ribosome is needed to establish the exact structure of the N-
terminal domains of ciliate eRF1s at the ribosomal decoding site.

General Remarks. Phylogenetic trees based on eRF1 sequences
have been constructed and modified (4, 5, 25, 39). Despite some
differences in these trees, it seems obvious that all known ciliate
eRF1s diverged from the ancestral omnipotent eRF1 very early.
Ciliate eRF1s, even with the same type of stop codon recognition
like Paramecium and Stylonychia, are very distant on the phy-
logenetic tree and not clustered together (25). These data on
ciliate eRF1 evolution are consistent with the results described
above (Figs. 1, 4, and 5), and the structural constraints operating
in their eRF1s are profoundly different, as shown in this work.

Molecular modeling of RNA-binding propensities for amino acid
residues of ciliate and conventional eRF1s has been undertaken
(25). RNA-binding propensities of eRF1s from universal-code
organisms seem to be similar. In contrast, this pattern was different
for various ciliate eRF1s. For example, one of the major differences
in RNA-binding propensities was found for St-eRF1 in positions
123-126 that fit with the location of the St-eRF1 discriminator site
(Figs. 1 and 4). Construct St-1 entirely lost its ability to recognize
UAA and UAG (Figs. 1 and 4). UAR-only Eu-eRF1 does not
cross-react with UGA; instead, UAR-only Eu-eRF1 retains its
contact with the other two stop codons (22). These eRF1s are most
likely unable to pass the codon-dependent step of eRF1 binding to
the ribosome (36) and, consequently, do not compete with tRNAs
for the “free” stop codons. For this reason, near-cognate mispairing
between certain tRNAs and the free stop codon(s) may become a
starting point for stop codon reassignment. Our data strongly argue
in favor of the idea that Stylonychia and Paramecium followed
distinct paths to diverge from a universal-code ancestor (5), as was
suggested earlier for Euplotes and Tetrahymena (34).

Methods

Chimeric Stylonychia mytilus/fHuman eRF1 Constructions. The full-
length double-stranded cDNA encoding Hs-eRF1 with a unique
Bst98I site affecting neither amino acid sequence nor the reading
frame was cloned into pET23b(+) vector (Novagen, San Diego,
CA) as described (10). The resulting plasmid was designated
pERF4b. For swapping experiments of the N-terminal domain
sequences between human and S. mytilus eRF1s, additional HindIII
and Sall restriction sites were introduced into pERF4b, correspond-
ing to amino acid positions 83—84 and 144-145, respectively. The
resulting plasmid was designated pERF4b-Sal.

The pERF4b-LD plasmid encoding eRF1 with two amino acid
substitutions, S144L and K145D, arose after ligation of the ampli-
fied Ndel/Xhol DNA fragment encoding the N-terminal domain of
Hs-eRF1 with pERF4b-Sal hydrolyzed with Ndel and Sall. All
chimeric constructs contained these two amino acid substitutions,
which did not affect the RF activity of eRF1.

The eRFI gene sequence encoding the N-terminal domain of S.
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mytilus eRF1 was amplified by PCR from S. myfilus cell culture. The
resulting PCR product was cloned into pET23b(+) vector at the
Ndel/Xhol restriction sites. One intron is present in the ORF
encoding the N-terminal domain of St-eRF1 (5). To create an
intronless transcript, exon I amplified by PCR was cloned into
pET23b by using Ndel/HindIII sites. Then, exon II amplified by
PCR was cloned into plasmid with exon I at HindIII/XholI sites. Five
in-frame stop codons (TAA/TAG) present in the N-terminal
domain of St-eRF1 were changed to CAA/CAG codons by using
the PCR-based “megaprimer” method (40). This S. mytilus N-
terminal domain fragment then was fused to a fragment encoding
MC domain from human eRF1 in pERF4b-Sal, yielding the S.
mytilus/human eRF1 expression plasmid.

To make plasmids with chimeric eRF1 constructs for in vivo
transfection, human eRF1 gene was cloned into pcDNA3 (Invitro-
gen, Carlsbad, CA) at HindIII/Xbal sites. Then, the N-terminal part
of Hs-eRF1 of the resulting pcDNA3-Hs-eRF1 plasmid was re-
placed by PCR products of N-terminal parts of the chimeric
St-eRF1 constructs (St-1, St-6, and St-11-St-15) at HindIII/BamHI
sites.

For information on swapping the N-terminal domain sequences
between human and S. mytilus eRF1s, see supporting information
(SI) Materials and Methods.

Insertion of Paramecium tetraurelia eRF1 Sequences into the N-
Terminal Domain of Human eRF1. To construct Pa-1, mutations
T122L+L126F+N129P+K130Q (residue numbering as in Hs-
eRF1) were introduced into pERF4b by site-directed mutagenesis.
Mutation N61S+S64D was introduced into the Pa-1 sequence,
which yielded a plasmid-encoding Pa-2 construct.

Expression and Purification of eRF1s and Preparation of the Ribo-
somes. The WT-Hs-eRF1 and chimeric constructs containing Hise-
tags at the C termini were produced in Escherichia coli strain
BL21(DE3) and purified by using Ni-NTA Superflow (Qiagen,
Valencia, CA) as described in ref. 19. Rabbit reticulocyte 80S
ribosomes were isolated and purified as described in ref. 20.

In Vitro RF Activity Assay. The eRF1 activity was measured as
described (6, 31) at saturating levels of UAAA, UAGA, or UGAA
stop-codon-containing tetraplets. The background measured with-
out tetraplet was subtracted from all values. All measurements were
repeated three times. The RF activity for the WT-Hs-eRF1 was
considered as 100% with respect to the given stop codon. The RF
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activities of the chimeric or mutant eRF1s were calculated as
percentages of the 100% REF activity value of the WT-Hs-eRF1 for
the respective stop codon.

Cell Culture and Transfection. Human fibroblast C293 was incubated
at 37°C in DMEM supplemented with 10% FCS in humidity-
saturated 5.5% CO, in air. One million cells were cotransfected
with 10 pg of each test vector and 10 ug of the reporter vector, using
DNA/phosphate coprecipitation. Cells were harvested on day 3,
and crude extracts were prepared as described in ref. 41. For
each construct, four independent transfection experiments were
performed.

Quantification of Readthrough Efficiency. One of the three stop
codons in the tobacco mosaic virus RNA context was inserted
in-frame into reporter vector (pAC) between the lacZ and luc
coding sequences (Fig. 3) (32, 33). All translating ribosomes would
thus result in B-galactosidase synthesis, but only those reading
through the stop codon would yield an active luciferase. This dual
gene reporter system provided an internal control for calibration of
individual experiments for the overall expression level of each
construct to take into account such factors as vector stability,
transfection efficiency, transcriptional, and translational rates.
Readthrough efficiency was estimated by the ratio of luciferase
activity to B-galactosidase activity. To establish the relative activi-
ties of these enzymes when expressed in equimolar amounts, the
ratio of luciferase activity to B-galactosidase from an in-frame
control plasmid was taken as a reference. Readthrough frequency
expressed as a percentage was calculated by dividing the luciferase/
B-galactosidase ratio obtained from each construct by the same
ratio obtained with the in-frame control construct (33). B-galacto-
sidase and luciferase activities were assayed in the same crude
extract as described in refs. 42 and 43.
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